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ABSTRACT
We present 2D hydrodynamical simulations for the evolution of hot gas flows in early-type galaxies
with central massive black holes (MBHs), starting from an age of ≈ 2 Gyr; the code has an accurate
and physically consistent description of radiative and mechanical (due to AGN winds) feedback, and a
parsec-scale resolution at the center. The mass input for the flow comes from stellar mass losses, and
the energy input includes Type Ia supernova and stellar heating; the flow can form stars. Realistic,
axisymmetric dynamical models for the galaxies are built by solving the Jeans’ equations. We find
that the lowest mass models explored (M? = 8 × 1010M) develop a global outflow sustained by
SNIas heating after a few Gyr, and then end with a significantly lower amount of hot gas and new
stars (∆M?). In more massive models, instead, nuclear outbursts last up to the present epoch, with
large and frequent fluctuations in the emission of the nucleus and of the gas (LX). Each burst lasts
∼few×107 yr, during which, in the inner ∼ 2− 3 kpc region, cold, inflowing, and hot, outflowing gas
phases coexist. The LX − T relation for the gas reproduces well that of local galaxies. AGN activity
determines a positive feedback on star formation. Roughly half of the total mass losses ends recycled
into new stars, just ' 3% of it is accreted on the MBH, and most of the remaining part is ejected
from the galaxy; the ratio between the mass of gas displaced outer of 5Re during the evolution and
that in new stars ∆M?, the load factor, is ' 0.6. A rounder galaxy shape corresponds to a larger final
MBH mass, ∆M?, and LX. Half of the radiative output from the AGN is emitted within ≈ 3 Gyr
from the start of the simulation, roughly the same timescale within which half of the new stars form;
almost all of the time is spent at very low nuclear luminosities, yet one quarter of the total energy is
emitted at an Eddington ratio > 0.1. The duty-cycles of AGN activity ranges from 3 to 5%.
Subject headings: galaxies: elliptical and lenticular, cD – galaxies: evolution – quasars: supermassive
black holes – galaxies: ISM – X-rays: galaxies – X-rays: ISM
1. INTRODUCTION
The relationship of the QSO activity at high z with the
surrounding ISM of the host galaxy, including the pos-
sibility of triggering or quenching star formation, is one
of the currently most debated and still unsettled top-
ics in the field of galaxy evolution. The massive black
holes (hereafter MBHs) at the centers of massive ellipti-
cal galaxies were in place already when the universe was
' 1 Gyr old (e.g., Madau & Rees 2001, Alvarez et al.
2009, Wu et al. 2015), and fast, large scale, and mas-
sive outflows, driven by QSOs, are supposed to trans-
form young, star-forming galaxies into “red and dead”
spheroids (Sturm et al. 2011, Cano-Dı´az et al. 2012,
Faucher-Gigue`re & Quataert 2012, Feruglio et al. 2015,
King & Pounds 2015). But the QSO and starformation
activities are not likely to suddenly stop at high z. Con-
cerning the origin of the QSO activity, it appears that
the most luminous AGN phases, preferentially found at
z > 2, may be connected to direct accretion of cold gas
and to mergers (e.g., Di Matteo et al. 2005, Kazantzidis
et al. 2005, Dubois et al. 2012), while less luminous
and lower z AGNs seem to be driven by other processes,
unrelated with the merging phenomenon, in general (Cis-
ternas et al. 2011, Treister et al. 2012, Schawinski et al.
2012, Kocevski et al. 2012; see Heckman & Best 2014 for
a review).
A likely possibility is that the stellar mass losses nor-
mally produced during stellar evolution cyclically feed
a central gas inflow (Norman & Scoville 1988), and
then trigger the QSO activity also for isolated early-
type galaxies (hereafter ETGs), that are often considered
“dead”. Indeed, these losses represent a major source in
mass for the ISM (e.g., Ciotti et al. 1991); also, the high
metallicity of the observed outflows from low and high-z
galaxies provides evidence that the fuel source for these
flows is highly processed gas, not ”cold flows” accreted
from outside (Cooksey et al. 2010, Fox 2011, Lehner et
al. 2013). Numerical simulations describing the evolu-
tion of stellar mass losses in ETGs provided clear support
for the conjecture that they trigger the QSO activity at
epochs closer than z ∼ 2 (Ciotti et al. 2010). The galaxy-
black hole coevolution under the effects of these internal
processes has been generally termed “secular evolution”
(e.g., Heckman & Best 2014).
In a number of previous works, Ciotti, Ostriker and
coworkers investigated the relationship between the secu-
lar evolution of the stellar population in ETGs, the QSO
activity, and the resulting feedback action on the host
galaxy, since z ∼ 2, after the MBH and the stellar popu-
lation have terminated their major growing phase1. With
1 For a standard cosmology z = 2 corresponds to an age of the
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high-resolution hydrodynamical simulations in spherical
symmetry, they studied in detail the mechanical and ra-
diative feedback effects induced by accretion of stellar
mass losses. The physics of feedback was modeled on
the observed dominant processes: radiative output and
BAL wind output. In fact, the emitted photons impart
energy and momentum to the ISM via electron scatter-
ing, photoionization, scattering due to atomic resonance
lines, and absorption by dust grains; in addition, ac-
cretion drives broad absorption line (BAL) winds that
convey mass, momentum, and energy to the ISM sur-
rounding the nucleus (as expected: Silk & Rees 1998,
King 2003, Bieri et al. 2016; and as intensively observed:
Reichard et al. 2003, Greene et al. 2011, Arav et al.
2013, Liu et al. 2013, Carniani et al. 2015, McElroy et
al. 2015). The simulations considered the corresponding
cooling and heating functions, including photoionization
plus Compton scattering, and solved the radiative trans-
port equations, also in presence of dust; they allowed for
mass and energy inputs from stellar winds, and Type Ia
and Type II supernovae (hereafter respectively SNIa and
SNII); and they considered the mechanical feedback due
to the nuclear wind and star formation (hereafter SF)
induced by accretion.
These simulations covered length scales from ∼ 5 pc
to ∼ 200 kpc, and timescales from ∼ 102 yr (or less)
to 1010 yr; thus, all the relevant length and time-scales
were resolved (from the Bondi accretion radius to tens
of optical effective radii), and the accretion rates, as well
as the effect of AGN feedback on the gas over the whole
galaxy, were self-consistently determined. This, together
with the complex but exhaustively implemented input
physics, was a specific and very important feature of the
simulations, crucial to establish what is the exact accre-
tion rate, and then the feedback effects on the final MBH
mass, on the ISM, and on SF. In other numerical studies
(e.g., Di Matteo et al. 2005, 2008; Booth & Schaye 2009;
Choi et al. 2015; Sijacki et al. 2015) the mass accre-
tion rate remains “unresolved”, and is set from recipes
or algorithms, due to the lack of all the required spatial
extent and resolution, or to difficulties in resolving the
gas mass distribution intrinsic to the numerical model-
ing (e.g., in the SPH codes). For example, cosmological
simulations suffer inevitable limits due to numerical res-
olution, and the mass accretion rate is given by recipes
generally based on the Bondi rate (Bondi 1952), or ad
hoc prescriptions based on it (with all the associated un-
certainties; e.g. Curtis & Sijacki 2016, Korol et al. 2016).
Also, the effect of the MBH on its surroundings has of-
ten been modeled by injecting thermal energy into the
ISM again following recipes for its amount and distri-
bution (typically with the goal of reproducing observed
relations or general properties).
The simulations in spherical symmetry of Ciotti, Os-
triker and coworkers showed that in the medium-high
mass ETGs the resulting evolution is highly unsteady
(e.g., Ciotti, Ostriker & Proga 2010). At early times
(starting from z ∼ 2) major accretion episodes caused
by cooling flows trigger AGN flaring, with duty cycles
small enough to account for the small fraction of massive
universe of 3.3 Gyr, an epoch at which massive ETGs are thought
to have completed the bulk of their star formation process, and
MBH formation.
galaxies observed to be in the QSO phase, when the ac-
cretion luminosity approaches the Eddington luminosity.
At low redshift, the majority of models are characterized
by smooth, very sub-Eddington mass accretion rates. At
the end of the evolution, the mass of the MBH is limited
to the range of masses observed today, even though the
mass lost by the stars is roughly two orders of magnitude
larger than the MBH masses observed in local ETGs.
Note that the MBH heating alone has been shown to be
not sufficient by itself to avoid long-lasting and massive
inflows towards the galactic center at early times, but
when coupled with the SNIa’s heating, it becomes very
efficient in sustaining the galaxy degassing and prevent-
ing large mass accumulation in the central regions. Dur-
ing the evolution roughly half of the mass lost by stars
gets ejected in SNIa driven winds, and half falls to the
center and ends accreted or in starbursts. This series of
simulations in spherical symmetry was followed by an in-
vestigation in two dimensions, again applied to spherical
galaxies (Novak et al. 2011, 2012; Gan et al. 2014). A 2D
implementation of the same feedback physics described
above showed that MBH accretes some of the infalling
gas and expels a conical wind; and that the cool shells,
forming at 0.1−1 kpc from the center, are RayleighTaylor
unstable to fragmentation, leading to a somewhat higher
accretion rate, and less effective feedback.
In the current work we study the radiative and me-
chanical (due to AGN winds) feedback effects on the ISM
by improving the treatment of our previous 2D works
in two main respects: 1) the galaxy models underlying
the ISM evolution are more realistic and accurate than
ever previously: they are axisymmetric, allow for vari-
ous degrees of flattening, and include, in addition to the
MBH, a generalized de Vaucouleurs stellar profile cou-
pled with a NFW (Navarro et al. 1997) dark matter
halo; the halo contributes less dark mass than the stellar
mass within one effective radius, as observed recently for
ETGs (e.g., Cappellari et al. 2015); the stellar kinemat-
ics is determined solving the Jeans equations for the total
mass (MBH+stars+dark halo) and a chosen orbital dis-
tribution; all galaxy parameters are determined in order
to keep the models on the main observed scaling laws.
2) We consider a secularly evolving stellar population in-
put, i.e., a secularly decreasing stellar mass loss rate and
SNIa explosion rate, distributed over the galaxy. With
these two improvements implemented in our 2D simula-
tions with well resolved length and time scales, we have
addressed the following questions: what is the effect of
feedback on the MBH mass? What is the increase of the
MBH mass due to accretion at epochs more recent than
z ∼ 2? Is it plausible that the MBH − σ relation was
already in place at z ∼ 2? What is the effect of radiative
feedback and BAL winds on the ISM? Are mass losses
and AGN activity connected with residual SF episodes at
late times (i.e., after most of the SF has completed)? Is
feedback responsible for more or less SF? Do we correctly
predict the properties of the circumgalactic medium?
The paper is organized a follows: Sect. 2 describes
the galaxy models; Sect. 3 presents the numerical code
and the hydrodynamical equations it solves, the inputs
to them, the implementation of the feedback and SF
physics; Sect. 4 presents the results of the simulations;
Sect. 5 summarizes the main conclusions.
2D hydrodynamical simulations of the BAL wind feedback 3
2. GALAXY MODELS
We briefly summarize here the main characteristics of
the galaxy models, with respect to their stellar popu-
lation properties and evolution (Sect. 2.1), and their
internal dynamics (Sect. 2.2).
2.1. Stellar population
In ETGs the gas is lost by evolved stars mainly during
the red giant, asymptotic giant branch, and planetary
nebula phases. These losses originate ejecta that ini-
tially have the velocity of the parent star, then interact
with the mass lost from other stars or with the hot ISM,
and mix with it (Mathews 1990, Parriott & Bregman
2008, Bregman & Parriott (2009). Thus, stellar winds
are heated to X-ray temperatures by thermalization of
the kinetic energy of collisions between stellar ejecta, as
will be presented in Sect. 2.2 below. Far infrared obser-
vations allow for measurements of the stellar mass loss
rate for the whole galaxy (M˙?), giving an average rate in
reasonable agreement with theoretical predictions (Athey
et al. 2002). According to single burst stellar population
synthesis models (Maraston 2005), the trend of M˙? with
time, for solar metal abundance, after an age of & 2 Gyr,
can be approximated as:
M˙?(t) = 10
−12A ×M? t−1.312 (Myr−1), (1)
where M? is the galactic stellar mass in solar masses at
an age of 12 Gyr, t12 is the age in units of 12 Gyrs,
and A = 2.0 or 3.3 for a Salpeter or Kroupa IMF (the
latter is adopted here; see also Pellegrini 2012). The rela-
tion above agrees well with previous theoretical estimates
(e.g., Mathews 1989, Ciotti et al. 1991).
Also SNIa’s explosions provide mass and heat to the
ISM, and the total mass loss rate of a stellar population
is M˙(t) = M˙?(t) + M˙SN(t), where the mass input due
to SNIa’s is M˙SN(t) = 1.4MRSN(t). Here RSN(t) (in
yr−1) is the evolution of the explosion rate with time, and
each SNIa ejects 1.4M. In models of SNIa’s explosions
past a burst of SF (Greggio 2010), RSN(t) experiences a
raising epoch during the first' 1 Gyr, and then decreases
slowly with a timescale of the order of 10 Gyr, down to
the present day observed rate. A parameterization of the
rate after the peak, in number of events per year, is
RSN(t) = 0.16(H0/70)
2× 10−12 LB t−s12 (yr−1), (2)
where H0 is the Hubble constant in units of km s
−1
Mpc−1, LB is the present epoch B-band galaxy luminos-
ity in LB,, and s characterizes the secular evolution;
when t12 = 1, Eq. 2 gives the rate for local ETGs in re-
cent measurements (e.g. Mannucci et al. 2005, Maoz et
al. 2011). For the rate in Eq. 2 and H0 = 70 km s
−1
Mpc−1, one obtains M˙SN(12Gyr) = 2.2 × 10−13 LBM
yr−1, that is almost ∼ 100 times smaller than the
”quiescent” stellar mass loss rate M˙?(12Gyr) ≈ 2 ×
10−11 LBM yr−1 given above. Recent estimates of the
slope s agree with a value around s ' 1 (Maoz et al.
2011, Sharon et al. 2010).
The heating rate provided by SNIa’s explosions LSN(t)
is the product of the kinetic energy injected by one event
(ESN ≈ 1051 erg) times the rate RSN(t), and times an
efficiency factor. In the code we adopt an efficiency of
0.85, an assumption that is not unreasonable for the hot
diluted gas (see also Sect. 3.1). Then at most LSN(t) =
ESNRSN(t), that is:
LSN(t) = 5.1(H0/70)
2 × 1030LB t−s12 (erg s−1). (3)
Of course, another major source of ISM heating is pro-
vided by the central MBH, as will be discussed in Sect.
3 below.
2.2. Dynamical structure
We consider here a subset of the large suite of mod-
els built for the study of gas flows in galaxies of various
shapes and internal kinematics of Negri et al. (2014b).
These are axisymmetric galaxy models, where, in ad-
dition to the central MBH (of initial mass MBH,0 =
10−3M?), there is a stellar component characterized by
different intrinsic flattenings, and a spherical dark mat-
ter (DM) halo. The stellar density is described by the
ellipsoidal deprojection (Mellier & Mathez 1987) of the
de Vaucouleurs (1948) law:
ρ?(R, z) = ρ0ζ
−0.855 exp(−ζ1/4), (4)
with
ρ0 =
M?b
12
16piqR3e 0Γ(8.58)
, ζ =
b4
Re 0
√
R2 +
z2
q2
, (5)
where (R,ϕ, z) are the cylindrical coordinates, b ' 7.67,
Re 0 is the projected half mass radius (effective radius)
when the galaxy is seen face-on2, and the parameter
q 6 1 controls the flattening, so that the minor axis is
aligned with the z axis. For the simulations we consider
q values of (1, 0.6, 0.3), corresponding to E0, E4 and E7
galaxies when seen edge-on. For the DM halo we adopt
an untruncated NFW (Navarro et al. 1997) profile:
ρh(r) =
ρcrit δcrh
r(1 + r/rh)2
, (6)
where ρcrit = 3H
2/8piG is the critical density for closure,
and
δc =
200
3
c3
ln(1 + c)− c/(1 + c) , c ≡
r200
rh
(7)
and r200 is the radius of a sphere of mean interior density
of 200ρcrit. We refer to the DM mass enclosed within r200
as to the halo mass Mh.
All the relevant dynamical properties of the models
were computed with a code built for this purpose (Po-
sacki et al. 2013). Starting from an axisymmetric density
distribution ρ?(R, z) produced by a two-integral phase-
space distribution function, the code solves the Jeans
equations in cylindrical coordinates, and computes the
velocity fields of the stars, the total potential Φtot(R, z)
due to all components (stars, dark halo, MBH), and the
vertical and radial forces. The radial and vertical ve-
locity dispersions are equal (σR = σz ≡ σ), and the
only non-zero streaming motion is in the azimuthal di-
rection (vϕ). To set the latter, we adopted the Satoh
(1980) k-decomposition vϕ
2 = k2(v2ϕ − σ2), from which
2 For an edge-on view, the circularized effective radius is Re =
Re 0
√
q.
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the azimuthal velocity dispersion is recovered as σ2ϕ ≡
v2ϕ − vϕ2 = σ2 + (1 − k2)(v2ϕ − σ2), where 0 6 k 6 1.
For k = 1 the galaxy is an isotropic rotator, while for
k = 0 no net rotation is present, and all the flattening
is due to σϕ. In general, k can be a function of (R, z),
and more complicated (realistic) velocity fields can be
realized (Ciotti & Pellegrini 1996; Negri et al. 2014a,b).
In any case, k is bounded from above by the function
k2max(R, z) = v
2
ϕ/(v
2
ϕ − σ2). In this work we restrict to
the k ' 0 case, and then in practice only stellar random
motions are thermalized (see also Sect. 4 for more dis-
cussion on the role and then the adopted values of the k
parameter).
The only free parameter of the stellar distribution is
σe8, the aperture luminosity-weighted velocity disper-
sion within Re/8, from which the galaxy luminosity is
recovered from the Faber–Jackson relation, and the size
Re from the size–luminosity relation (Desroches et al.
2007). From the stellar mass-to-light ratio, fixed at that
of a 12 Gyr old stellar population with a Kroupa ini-
tial mass function, the stellar mass M? is derived (see
Posacki et al. 2013 for more details). By assigning a
given σe8, we build a spherical galaxy, that we call the
“progenitor”. The free parameters of the DM halo are
determined by the need to reproduce the assumed σe8,
by fixing Mh/M? ' 20 (Behroozi et al. 2013), and im-
posing that the DM fraction fDM within a sphere of ra-
dius Re keeps well below unity (Cappellari et al. 2015).
These constraints produce rh ' 2Re, 22 . c . 41, and
fDM ' 0.6 for the spherical progenitors. The flattened
descendants of each progenitor have the same circular-
ized Re as the spherical progenitor, when seen edge-on,
thus they expand with decreasing q (ρ? ∝ √q); their σe8,
as a consequence, also decreases with respect to that of
the progenitor (while M? and LB remain the same). In
the flattening procedure the DM halo is maintained fixed
to that of the progenitor (see Posacki et al. 2013 for a
more comprehensive model description3).
We consider here four spherical progenitors, with σe8
values of 180, 210, 250 and 300 km s−1, and corre-
sponding stellar masses M? of 0.81, 1.54, 3.35 and
7.80×1011M. The simulations are run for eight flat-
tened descendants: for each progenitor, they have intrin-
sic flattenings with q = 0.6 (E4 shape) and q = 0.3 (E7
shape). Table 1 lists all the relevant parameters charac-
terizing these eight galaxy models.
3. FEEDBACK AND STAR FORMATION IN THE
HYDRODYNAMICAL EQUATIONS
We describe here the hydrodynamical equations that
are solved to evolve the gas flow (Sect. 3.1), and the
input physics for them, with particular regard to the im-
plementation of the SF process (Sect. 3.2) and feedback
effects (Sects. 3.3 and 3.4).
3.1. The hydrodynamical equations
The hydrodynamical equations that are numerically in-
tegrated in spherical coordinates, by a significantly up-
dated version of the Novak et al. (2011) code, are the
3 The models considered here belong to the class of “edge-on
built” descendants of Posacki et al. (2013), while the latter authors
also built the class of “face-on built” descendants, that have the
same Re as the spherical progenitor when seen face-on.
following:
∂ρ
∂t
+∇ · (ρu) = ρ˙Ia + ρ˙? + ρ˙II − ρ˙SF + ρ˙w, (8)
ρ
∂u
∂t
+ ρ (u · ∇)u = −∇p− ρ∇Φtot −∇prad+
+(ρ˙Ia + ρ˙? + ρ˙II)(v? − u) + ρ˙w(vw − u),
(9)
∂E
∂t
+∇ · (Eu) = −p∇ · u +H − C + E˙ − E˙SF + ρ˙w
2
‖vw − u‖2
(10)
where ρ, u, E, p are respectively the mass density, ve-
locity, internal energy density, and pressure of the gas;
v? is the streaming velocity of the stellar component; vw
is the AGN wind velocity. H is the volumetric heating
rate due to radiative feedback, and C is the bolometric
cooling rate per unit volume (see Sect. 3.4). The ISM
is a fully ionized monoatomic gas, with p = (γ − 1)E,
γ = 5/3, and solar composition (µ = 0.62). The mass
density rates ρ˙Ia and ρ˙? describe the mass injection from
the old stellar population, i.e., from SNIa’s explosions
and from normal stars (Sect. 2.1); ρ˙SF and ρ˙II describe
the mass sink due to SF, and the mass input due to the
SNII produced by SF (see Sect. 3.2); E˙SF is the energy
sink due to SF (Sect. 3.2). E˙ is the total energy injection
rate due to the old and new stellar populations, produced
by the thermalization of the kinetic energy of SNIa and
SNII explosions (E˙Ia and E˙II respectively), and by the
thermalization of the relative motions between stars and
the ISM (existing at the moment of injection). E˙ is then
given by:
E˙ = E˙Ia+E˙II+
ρ˙Ia + ρ˙? + ρ˙II
2
[‖v? − u‖2+Tr(σ2)], (11)
where E˙Ia = ρ˙IaϑSNIaESN/(1.4 M), with ESN = 1051
erg and 1.4M being respectively the kinetic energy and
ejected mass of one SNIa event, and ϑSNIa is the thermal-
ization efficiency, for which we adopt the value of 0.85,
as a plausible one for a low density and hot medium
(see Mathews 1989, Tang & Wang 2005); E˙II is the SNII
energy injection rate, and is calculated considering the
overlap in time of subsequent SF episodes (as for ρ˙II be-
low; see Sect. 3.2, and Negri et al. 2015). E˙II also
depends on the thermalization efficiency, that we take
equal to ϑSNIa. Finally, Tr(σ
2) is the trace of the stellar
velocity dispersion tensor.
The other symbols in eqs. (8)–(10) describe the mass,
energy and momentum source terms due to radiative and
mechanical feedback, and are described in Sects. 3.3 and
3.4 below. In particular, the terms ρ˙w and vw are given
in eqs. (25)–(28). ∇prad = (∇prad)photo+(∇prad)es is the
total radiative pressure gradient for the radiation com-
ing from the accreting MBH. Most of the input physics
concerning feedback and SF is the same as in Ciotti et
al. (2010), with a few modifications described in detail
below.
3.2. Star formation
Star formation, and the consequent SNII production,
are treated as in Novak et al. (2011) and Negri et al.
(2015). SF is implemented by subtracting gas from the
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grid, and this mass sink corresponds to a SF rate per
unit volume given by:
ρ˙SF =
ηSFρ
τSF
, (12)
where ρ is the local gas density, ηSF is the SF efficiency,
for which we adopt the value of 0.1, and
τSF = max(τcool, τdyn), (13)
where
τcool =
E
C
, τdyn = min(τjeans, τrot), (14)
with
τjeans =
√
3pi
32Gρ
, τrot =
2pir
vc(r)
. (15)
Here G is the Newtonian gravitational constant, r is the
distance from the galaxy center, τrot is an estimate of the
radial epicyclic period, and vc(R) is the galaxy circular
velocity in the equatorial plane. The energy and momen-
tum sinks associated with star formation are then:
E˙SF =
ηSFE
τSF
, m˙SF =
ηSFm
τSF
= ρ˙SFu, (16)
where E and m are the internal energy and momentum
density of the ISM.
SF removes mass, momentum and energy from the
grid, but also injects new mass and energy from SNII
explosions. For each SF episode, assuming that the new
stars form with a Salpeter IMF, the mass returned in
SNII events is 20% of the new star mass in that episode;
the SNII mass source term ρ˙II at each time t comes
from considering that a given SF episode generates SNII’s
that inject mass (at a rate exponentially declining on a
timescale τII = 2×107 yr), and that during the evolution
of that episode other episodes may take place, forming
other SNII’s that in turn eject mass into the ISM. The
same considerations are taken into account to compute
the SNII energy injection rate E˙II (see Negri et al. 2015
for more details on how ρ˙II and E˙II are computed).
3.3. Mechanical Feedback
Following the general, self-consistent treatment in Os-
triker et al. (2010), the basic quantities involved in the
implementation of mechanical feedback are written as:
M˙BH =
M˙in
1 + η
, (17)
M˙out = ηM˙BH, (18)
Lw = wM˙BHc
2, (19)
p˙w = M˙outvw, (20)
where M˙BH is the mass accretion rate on the MBH, M˙out
is the mass outflow rate in the conical wind, M˙in is the
mass inflow rate at the first active radial grid, w is the
efficiency of generating mechanical energy with an AGN
wind, vw = ‖vw‖ is the modulus of the AGN wind ve-
locity, and η ≡ 2wc2/v2w. With the adoption of this
simplified scheme, the sub-grid physics near the MBH
(described in Ciotti & Ostriker 2012) is not activated
here. Then, in the present simulations, all gas, that flows
in, eventually either flows onto the MBH or back into
the simulation grid as a conical wind, without passing
through a circumnuclear starforming disk.
Equations (17)(20) above are adopted by most authors
to treat AGN feedback as a process comprising both in-
fall and outflow; however, typically η = 0 is adopted,
implicitly assuming vw → ∞, so that M˙out and p˙w are
neglected, and Lw and M˙BH may be overestimated. For
example, if we adopt w = 5 × 10−3 as many authors
[e.g., Springel et al. (2005), Johansson et al. (2009), Mc-
Carthy et al. (2010)], and vw = 10
4 km s−1 (e.g., Moe
et al. 2009), then η = 9, and all the normally neglected
effects may in fact be dominant: the bulk of the inflowing
mass (M˙in) may be ejected in a broad-line disk wind, and
the effects of the mass (M˙out) and momentum (p˙w) in-
put deposited in the ambient gas may dominate over the
energy input (Lw), which may be largely radiated away.
Thus, it is important to consider consistently the effects
of including mass, energy, and momentum conservation
when η > 0; our treatment is consistentwith observations
of BAL quasars and the radiative mechanisms that drive
them (Ciotti et al. 2010).
In general, η is fixed for given w and vw. The wind ef-
ficiency, w, is not known very well, neither from observa-
tions nor from detailed simulations. The best estimates
might be in the range 10−3 > w > 3 × 10−4 (Proga et
al. 2000; Proga & Kallman 2004; Krongold et al. 2007;
Kurosawa et al. 2009). Here we consider models where
w and vw are allowed to depend on the mass accretion
rate, and are described by the following laws (see Novak
et al. 2011 for a discussion on these assumptions):
w =
w0Awm˙
1 +Awm˙
, vw =
vw0Awm˙
1 +Awm˙
, (21)
where Aw = 1000, m˙ is the dimensionless mass accretion
rate, i.e., normalized to the Eddington mass accretion
rate (see below), and the two functions w and vw sat-
urate to w0 and vw0, respectively, for large accretion
rates. We choose the constant values w0 = 10
−4 and
vw0 = 10
4 km/s (as observed for the outflow velocity in
UV absorption lines of BAL AGNs; e.g. Reichard et al.
2003, Gibson et al. 2009; in ionized emission of high-
redshift quasars, e.g. Liu et al. 2013, Zakamska et al.
2016; in nearby Seyfert galaxies, e.g. Fischer et al. 2013;
and in molecular outflows, Tombesi et al. 2015, Feruglio
et al. 2015). Independently of the mechanical feedback
model, the radiative luminosity of the AGN is given by:
LBH = EMM˙BHc
2, (22)
where the electromagnetic efficiency EM is given by
the advection dominated accretion flow inspired formula
(Narayan & Yi 1995), to reproduce even the very low
nuclear luminosities typically observed for local MBHs
(e.g. Pellegrini 2005):
EM =
0AEMm˙
1 +AEMm˙
, (23)
and AEM = 100 and 0 = 0.125. The dimensionless mass
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accretion rate is
m˙ ≡ M˙BH
M˙Edd
=
0M˙BHc
2
LEdd
, (24)
where LEdd is the Eddington luminosity. With the set-
tings above, η has a minimum value of 0.18 at the highest
accretion rates, and increases for decreasing m˙ (for ex-
ample, η = 0.36 for m˙ = 10−3).
Our previous 1D simulations used a prescription based
on pressure balance between the outgoing wind and the
ambient gas, to compute how the mass, energy, and mo-
mentum are radially distributed; the present 2D simula-
tions instead inject the desired mass, energy, and momen-
tum into the innermost radial cells, and self-consistently
compute the radial transport of these quantities. In the
2D simulations, the total mass, energy and momentum
injected into the ISM by the AGN wind are calculated as
described by eqs. (18)-(20), for a given MBH accretion
rate M˙BH; then, the specification of the angular depen-
dence of the properties of the AGN conical wind (ρ˙w, m˙w
and E˙w) is required. For this dependence we adopt:
ρ˙w = M˙out
δ(r − r0)
r2sinθ
f(θ), (25)
where δ is the Dirac delta-function, r0 is the first grid-
point, θ is the angle from the z-axis, measured clockwise,
and:
f(θ) =
(n+ 1) sinθ | cos θ|n
4pi
. (26)
The anisotropic momentum source in eq. (9) is given by:
m˙w = ρ˙wvwer = p˙w
δ(r − r0)
r2sinθ
f(θ)er (27)
where the second equality follows from using eqs. (21)
and (26). Finally, the energy injection due to the AGN
wind, from eqs. (20) and (26), is:
E˙w =
1
2
ρ˙wv
2
w = Lw
δ(r − r0)
r2sinθ
f(θ). (28)
Note that vw is independent of θ, and the anisotropy
in the momentum and energy injection is due to the
anisotropic mass injection [eq. (26)]. Following Novak
et al. (2011), we adopt n = 2, so that the half-opening
angle enclosing half of the energy is ∼ 45◦. In terms
of solid angle, this means that the wind is visible from
∼ 1/4 of the available viewing angles. This fraction is in
agreement with observations of the fraction of obscured
and unobscured AGNs under the assumption that the
two populations are made up of a single population of
objects that differ only in viewing angle (e.g. Liu et al.
2015; Bae & Woo 2016).
3.4. Radiative Feedback: heating and cooling
Radiative heating and cooling are computed by using
the formulae in Sazonov et al. (2005), which describe the
net heating/cooling rate per unit volume of a plasma in
photoionization equilibrium with a radiation field charac-
terized by the average quasar Spectral Energy Distribu-
tion (Sazonov et al. 2005, 2008), whose associated spec-
tral temperature is Tc ' 2 keV. In particular, Compton
heating and cooling, bremsstrahlung losses, line and con-
tinuum heating and cooling, are taken into account. The
net gas energy change rate per unit volume for T & 104 K
is given by:
H − C ≡ n2(S1 + S2 + S3), (29)
where n is the Hydrogen number density, and positive
and negative terms are grouped together in the heat-
ing (H) and cooling (C) functions (all quantities are ex-
pressed in cgs system). The bremsstrahlung losses are
given by
S1 = −3.8× 10−27
√
T . (30)
The Compton heating and cooling is given by
S2 = 4.1× 10−35(Tc − T ) ξ, (31)
and ξ is the ionization parameter. The sum of photoion-
ization heating, line and recombination continuum cool-
ing is
S3 = 10
−23 a+ b (ξ/ξ0)
c
1 + (ξ/ξ0)c
Z
Z
, (32)
where the almost perfect linear dependence on metallic-
ity is explicit, and
a = − 18
e25(log T−4.35)2
− 80
e5.5(log T−5.2)2
− 17
e3.6(log T−6.5)2
,
(33)
b = 1.7×104 T−0.7, c = 1.1− 1.1
eT/1.8×105
+
4× 1015
T 4
,
(34)
ξ0 =
(
1.5
T 0.5
+
1.5× 1012
T 2.5
)−1
+
4× 1010
T 2
[
1 +
80
e(T−104)/1.5×103
]
.
(35)
Gas temperatures are bounded from below by the
adopted atomic cooling curve, that has an exponential
cutoff below 104 K.
In this work we do not consider the effects of dust, i.e.,
the radiation momentum associated with dust absorption
(cf. Debuhr et al. 2011; Bieri et al. 2016); however, the
effect of dust has been shown not to alter significantly the
gas evolution (Hensley et al. 2014). Moreover, since the
effects of dust absorption and reprocessing are not con-
sidered here, the radiation pressure due to the reprocess-
ing of light emitted by stars formed during the evolution
is also omitted. For the radiation pressure we consider
electron scattering and the force exerted by absorption
of AGN photons by atomic lines (see eq. 55 in Ciotti &
Ostriker 2007). The integration scheme used here for the
radiation transport is not the full scheme of Novak et al.
(2012, their Sect. 3), but the simplified version in their
Appendix B, in order to speed up the simulations. For
example, in the case of spherical symmetry, the equation
to be integrated would be:
dLeffBH,photo(r)
dr
= −4pir2H, (36)
where LeffBH,photo(r) is the effective accretion luminosity
at r, and the equation is solved with central bound-
ary condition LeffBH,photo(r = 0) = LBH given by equa-
tion (22). The force per unit mass due to photoioniza-
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tion+Compton opacity can be expressed as
(∇prad)photo = −ρκphoto
c
LeffBH,photo(r)
4pir2
er, (37)
where
κphoto = − 1
ρ(r)LeffBH,photo(r)
dLeffBH,photo(r)
dr
=
=
4pir2H(r)
ρ(r)LeffBH,photo(r)
.
(38)
The radiation pressure due to electron scattering is
(∇prad)es = −ρκes
c
LBH
4pir2
er, (39)
where κes = 0.35 cm
2 g−1.
Finally, equations (31) and (32) depend on the ioniza-
tion parameter, that is given by:
ξ ≡ L
eff
BH,photo(r)
n(r)r2
. (40)
4. THE SIMULATIONS
We employed our modified version of the parallel ZEUS
code (Hayes et al. 2006), in a 2D axisymmetric config-
uration, with a radially logarithmic grid in spherical co-
ordinates (r, θ) of 128 × 32 meshpoints, spanning from
2.5 pc to 250 kpc. Reflecting boundary conditions were
set along the z-axis, while at the outer edge of the com-
putational domain the fluid is free to flow out.
Negri et al. (2014a,b) showed that in a galaxy with sub-
stantial ordered rotation (without AGN feedback) the
gaseous halo is almost co-rotating with the stars, and
angular momentum conservation leads to the formation
of a cold, rotationally supported, star forming equato-
rial disk of kpc-scale (Negri et al. 2015), thus prevent-
ing any substantial accretion on the central MBH. These
massive disks are expected to be gravitationally unsta-
ble, fragment, and consequently transport material to
the galaxy center (Bertin & Lodato 2001; Hopkins &
Quataert 2011). At the present stage we do not account
for these processes, and we restrict to the low-rotation
case. However, in axysimmetric systems some rotation
is numerically needed to prevent gas from unphysically
sticking on the z-axis. Different recipes have been fig-
ured out to solve this problem (Novak et al. 2011; Li,
Ostriker & Sunyaev 2013); here, we take advantage of
the Jeans solver that allows us to tune the Satoh k-
parameter (Sect. 2.2). In detail, we determine k(r, θ)
in order to have negligible but non-zero ordered rotation
over the main galaxy body, with angular momentum of
the stars never exceeding J0, the specific angular momen-
tum of the circular orbit at the first radial gridpoint, in
the gravitational field of the MBH. In this way the gas is
allowed to enter the first gridpoint, and so be accreted on
the MBH. In practice, we consider a low rotation regime,
where the centrifugal barrier prevents gas from sticking
onto the z-axis, but allows for accretion down to the in-
nermost radial gridpoint; such a rotation field is built by
defining the Satoh parameter as follows:
k(r, θ) ≡ ηrotJ0√
J20 +R
2v2IS
; v2IS ≡ v2ϕ − σ2, (41)
where R = r sinθ is the distance from the z-axis, vIS(r, θ)
is the ordered stellar velocity if the galaxy model were
an isotropic rotator, and we fix ηrot = 0.9.
We computed various X-ray properties of the gas flows,
as the X-ray luminosity in the 0.3-8 keV band, and the X-
ray-emission-weighted temperature, respectively defined
as:
LX =
∫
εXdV, TX =
1
LX
∫
TεXdV, (42)
where εX is the thermal emissivity in the 0.3-8 keV band
of a hot, collisionally ionized plasma (see Negri et al.
2014a for more details), and the integrals are computed
over the volume of interest. We also calculated the X-ray
surface brightness maps and maps of projected temper-
atures (as detailed in Pellegrini et al. 2012). We also
calculated the following general properties of the mod-
els: the duty cycle (D), defined as the percentage of time
spent at a l ≡ LBH/LEdd > 0.05; the time at which
half of the MBH radiation energy has been emitted (tL);
the time at which half of the new stellar mass has been
created (tM ); and the half-mass radius of the new stars
formed until the end of the simulation (rM ).
We assume that each galaxy at the beginning of the
simulation is 2 Gyr old, and is depleted of gas due to the
intense high star formation occurring during the initial
stages of its evolution. The simulations follow the galaxy
evolution for the subsequent 11 Gyr, thus ending at a
galaxy age of 13 Gyr.
5. RESULTS
We present here the main results for the whole set of
eight galaxy models in Tab. 1. For each galaxy model
we ran three simulations: one without any feedback from
the MBH (we refer to these models as to NOF models),
one with mechanical feedback only (MF models), and
one where the feedback is radiative plus mechanical, due
to an AGN conical wind (full-feedback FF models). The
most interesting quantities at the end of the twenty-four
simulations are listed in Tab. 2. Rather than presenting
the specific evolution of the gas flow in each one of the
various models, in the following we focus on a representa-
tive model, and then we discuss the overall results across
the whole set, as a function of galaxy mass, shape and
type of feedback. We focus on the results concerning the
the hot gas (Sect. 5.1), the MBH growth (Sect. 5.2), the
newly formed stars (Sect. 5.3), and the duty cycle (Sect.
5.4).
5.1. Gas evolution
During quiescent phases the flow is characterized by a
central inflowing region, and an external outflowing one,
as found in our previous studies (e.g. Ciotti et al. 2010
for spherical models; Negri et al. 2014b for 2D simula-
tions without AGN feedback). The main effect of vary-
ing the galaxy mass is that the size of the central inflow
is larger for more massive galaxies, with consequences
for the gas content, the average gas density and cooling
time, the mass accretion rate and the related quantities
(as discussed below). At fixed galaxy mass, a change in
the galaxy shape produces a lower LX for flatter mor-
phologies, because the outflowing region becomes larger,
as obtained for 2D models without feedback (Negri et al.
2014b).
8 L. Ciotti et al.
We start considering a representative E4 model of aver-
age mass (E4210 in Tab. 1). This choice is motivated by
the fact that the morphological E4 type of ETGs is ob-
served to be more common than the E7 one, and also that
our galaxy models (that are essentially non-rotating) are
more realistic for E4 galaxies than for E7 ones. Figure 1
shows the time evolution of some quantities describing
the hot gas phase in the E4210 galaxy: LX and TX calcu-
lated within 5Re, the hot gas mass within the whole grid,
and the SFR. The NOF model shows a smooth evolution
in LX, TX, hot gas mass Mh (the mass with T > 10
6
K), and SFR; in particular, in each panel of Fig. 1, the
NOF curves represent a sort of average lower envelope for
the largely fluctuating behavior typical of feedback mod-
els. The present-epoch values of LX, TX, Mh and SFR
are not significantly different between the NOF, MF and
FF cases; this is true for the whole set of models, at all
galaxy masses and shapes (see also Tab. 2). Therefore,
we can conclude that the global properties of the hot gas
are not significantly affected by AGN feedback. However,
we note that after each outburst LX of feedback models,
when calculated within (1−2)Re, shows drops that reach
one order of magnitude below LX of NOF models, i.e.
that are much larger than those in Fig. 1. The drops are
the natural consequence of the clearing of the gas in the
central regions.
Figure 2 shows the LX vs. TX relation for all models,
at the present epoch, in comparison with the observed
LX and TX values recently measured for the gas only,
using Chandra data (Kim & Fabbiano 2015, Goulding
et al. 2016). The figure shows how the NOF, MF and
FF models occupy similar regions in the plot, and also
a remarkable agreement between models and real ETGs.
In particular, the large spread in LX at low luminosities
is well reproduced, as due to mostly outflowing ETGs
at lower galaxy masses. Also well reproduced is the ob-
served average trend for LX & 1040 erg s−1 (note that
most of the highest LX observed are due to central ETGs
in groups, Goulding et al. 2016).
The time evolution of LX, TX, Mh and SFR is similarly
rich in large fluctuations in models more massive than
the E4210 one, while it generally becomes smooth and
slowly declining in less massive models, where a global
outflow is established within the present epoch. Massive
ETGs, then, may appear to spend much of their lifetime
at very high LX, TX and SFR values (Fig. 1). This
aspect can be checked quantitatively by computing the
gas “duty-cycle”, as the fraction of time, during a chosen
range of time, spent by a certain gas quantity at a level
above a chosen average value for the NOF case. These
fractions turn out to be very low. For example, for the
gas LX, one can compute the fraction of time spent above
LX = 3 × 1041 erg s−1, that represents a sort of upper
value for the observed gas emission of normal ETGs in
the local universe4 (Kim & Fabbiano 2015), over the past
3 or 5 Gyr. For both choices of lookback time, the E4250
and E7250 FF models spend ∼ 1% of the time with LX >
3× 1041 erg s−1, and lower mass models spend < 1% of
their time above it (the very massive E4300 and E7300
models have LX precisely of the order of 2 − 3 × 1041
erg s−1 in the past few Gyr; see Tab. 2). Of course,
4 Note that this is conservative assumption; for example, central
group or cluster ETGs can show much larger LX values.
the fraction of time during which disturbances in the gas
remain can be larger than this, as already discussed for
spherical models by Pellegrini et al. (2012).
The large fluctuations in the gas properties are pro-
duced by nuclear outbursts. For illustrative purposes, we
have selected one representative outburst, well isolated in
time, taking place at 6.85 Gyr for the E4180 FF model;
in Figs. 3−7 we show the evolution of the main hydro-
dynamical quantities during this outburst. The leftmost
panels in these figures show the quiescent time closest to
the outburst, when the gas properties still have a smooth
distribution. In the middle panels, corresponding to sub-
sequent times, the gas reaches its peak in emission, and
cold and dense fingers are approaching the galactic center
(Figs. 3 and 4), where outflow and inflow regions coexist
(Fig. 5); these cold filaments are mixed with hot and low
density regions already created by the developing out-
burst. The outburst is then fading; there is still some
outflowing material from the nucleus, and some hot, low
density outflowing material at a radius of . 1 kpc. The
rightmost panels show again a quiescent state, at a time
of 6.95 Gyr, i.e., 108 yr after the start of the burst; the
galaxy still has a lower density and higher temperature
gas than right before the outburst. Close to the nucleus
one can now notice the heating effect of the fading AGN
wind, as a slightly hotter, lower density bi-conical region
(Figs. 3 and 4); the wind itself is outflowing in a small
hourglass region above and below the nucleus (Fig. 5),
and imparts a tangential velocity to the gas surrounding
it (Fig. 6).
Figure 7 shows the SFR during the outburst: SF is
very active in the cold filaments close to the center; at
the end of the burst, one can see a lower SFR region close
to the nucleus, due to the AGN wind. This feature nicely
agrees with an observed spatial anti-correlation between
Hα emission, a tracer of SF, and line emission from pow-
erful outflows in quasars (Cano-Dı´az et al. 2012, Cresci
et al. 2015, Carniani et al. 2015); this observation is
considered an important evidence for negative feedback,
however we find that overall the feedback effect on SF
is positive (Sect. 5.3). Figure 8 shows finally the X-
ray surface brightness and projected temperature maps
weighted with the emission over 0.3–8 keV (Sect. 4), cor-
responding to the two central times during the outburst
of Figs. 3–7 (t=6.85 and t=6.86 Gyr). A very bright cen-
tral region of ∼ 1 hundred of pc radius is apparent in the
brightness map; sharp and very hot arcs can be seen in
the temperature map. Both features are very transient,
but should be detectable with Chandra’s high angular
resolution in nearby galaxies; similar features were found
in 1D simulations discussed in Pellegrini et al. (2012).
We note that the bursting activity is almost continu-
ous and lasts for the whole lifetime of massive models, at
variance with the activity shown by 1D hydrodynamical
simulations, that was characterized by peaks well iso-
lated in time, and decreasing in frequency at later times
(Ciotti & Ostriker 2012). This major difference is due
to obvious geometrical reasons: in spherical symmetry
the cold shell, produced by the snowplow phase of AGN-
launched shock waves, cannot fragment; as a result, the
shock waves are very efficient in clearing the inner re-
gions of the galaxy from the gas. Instead, 2D hydro-
dynamics allows for Rayleigh-Taylor instabilities of the
cold shell, that breaks “permitting cold fingers of mate-
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rial to accrete onto the BH” (Ciotti & Ostriker 2001),
while hot gas is escaping from the center at the same
time. This behavior was also found in spherical models
simulated with the 2D code (Novak et al. 2012); the pos-
sibility of multiphase and cold gas accretion on to a MBH
has been intensively investigated recently with a variety
of numerical simulations (e.g. Pizzolato & Soker 2010;
Barai, Proga & Nagamine 2012; Nayakshin & Zubovas
2012; Gaspari, Ruszkowski & Oh 2013).
Finally, during a burst episode we find no major differ-
ences between the FF and MF cases, in the behavior of
the hydrodynamical quantities on the galactic scale; the
time evolution of central or nuclear properties, instead,
as the gas emission during its peaks, or the nuclear emis-
sion, is more structured in the FF than in the MF case.
This results in a longer duration, on average, of the out-
bursts in FF models, as shown in the lower panels of Fig.
1, that gives an example of this difference in time evo-
lution, with a zoom in between 10 and 10.4 Gyr. This
property, already shown by spherical models (Ciotti, Os-
triker & Proga 2009, 2010), has interesting consequences
for the cumulative SF of MF and FF models (Sect. 5.3).
5.2. The black hole mass growth
Figure 9 shows the adopted initial MBH,0−M? relation
(Sect. 2.2), the MBH−M? relation derived from dynami-
cal studies of well observed local ETGs (McConnell & Ma
2013), and the MBH values at the end of the simulations
(when the MBH mass has grown, while M? remains con-
stant); different symbols distinguish the galaxy shapes
and types of feedback. The first thing to notice is that
models with feedback produce a final MBH −M? rela-
tion that agrees well with the observed one, within the
uncertainties. This agreement is not fulfilled by NOF
models that end with overwhelmingly large MBH masses
(not shown in the figure, but see Tab. 2), thus demon-
strating once again how feedback is needed to keep the
MBH masses reasonable, even after ETGs have become
“red and dead”.
MBH masses measured locally and those of feedback
models are consistent at all galactic M? and shapes; in
fact, the differences between the finalMBH values at fixed
M?, due to shape and type of feedback, are minor. This
shows that the effect on the MBH mass growth of me-
chanical feedback is very important (even though this
does not imply that the radiative feedback alone has mi-
nor effects). Looking deeper into Fig. 9, however, one can
notice some trends at fixed M?. E7 models show lower
MBH than E4 ones, a result due to the lower gas bind-
ing energy of flatter galaxies (Ciotti & Pellegrini 1996,
Posacki et al. 2013), with the consequent larger out-
flow region with respect to central inflowing one, and
larger effectiveness of AGN feedback, leading to a lower
accreted mass. For the same galaxy shape, FF models
end with lower MBH than MF ones (Fig. 9), a result of
their larger capability of preventing gas from accreting.
As a future investigation, it would be interesting to study
whether the final MBH masses keep close to those mea-
sured locally even when starting from different (lower)
values for MBH,0, and more in general what is the ef-
fect of the initial (albeit at z ∼ 2) value of MBH,0 on
the flow evolution and on the final MBH. However, sim-
ulations with smaller MBH,0 are more time-consuming,
if, as done in all our studies, one wants to resolve the
Bondi radius, and the even smaller radius at which the
thermal energy associated with the AGN spectral tem-
perature equals the particle’s gravitational energy in the
MBH potential (Ciotti & Ostriker 2001).
The increase in MBH, for feedback models, is different
for the different galaxy masses: it ranges from a figure of
the order of ∼ 10% for the lowest mass models (E180), to
roughly ∼ 100% (the MBH mass ∼doubles) for the E210
models, to roughly triplicate for the E250 models, to al-
most quadruplicate for the very massive E300 galaxies
(see col. 3 in Tab. 2, and Fig. 9, right panel). There-
fore, MBHs in more massive ETGs not only start larger
and are still larger at the end of the simulations, but are
also able to grow more in percentage, with respect to
their initial mass. This is because more massive MBHs
have larger Eddington luminosities, and, most impor-
tantly, they reside in ETGs where the gas is more bound,
per unit mass; then, more massive ETGs have larger ac-
creting gas mass per unit stellar mass, or per unit MBH
mass. At fixed M?, the right panel of Fig. 9 shows the
same trends shown in the left panel: the MBH mass in-
creases more, even with respect to the initial MBH,0, in
E4 models than in E7 ones, and in MF models than in
FF ones. Such a mass increase may appear large, but
in fact is remarkably small: in absence of AGN feedback
and SNIa’s assisted galactic winds, the mass increase of
MBH,0 would be larger by up to two orders of magnitude
(Tab. 2). It is a valuable property of the present models
that the average increase in MBH,0 since z ∼ 2 is just of
a factor of few (2 − 4), as found for the average growth
history of MBHs with given starting mass (e.g. Marconi
et al. 2004).
5.3. The newly formed stars and the circumgalactic
medium
Figure 10 (left panel) shows the mass in newly formed
stars, at the end of the simulations, for models with feed-
back. ∆M? ranges from ' 6× 108M to ' 3× 1010M,
from the low to the high galaxy masses. The lowest
mass models show significantly lower ∆M? because dur-
ing their evolution the gas is mostly outflowing, they
experience little accreting mass and little possibility of
SF. At fixed M?, rounder models produce slightly larger
∆M? than flatter ones, due to their larger capability
to retain the gas, that can eventually be converted into
stars. MF and FF models produce similar ∆M?, at any
fixed M? and galaxy shape, with larger ∆M? in the FF
case. The larger efficiency of FF models to produce SF
is a consequence of the richer structure and longer du-
ration of each of their nuclear outburst episodes, that
prevent prompt accretion, provide the gas more time for
its cooling, and lead to a larger capability to keep cold
and dense gas far from the nucleus (see Sect. 5.1, and
Fig. 1, where an FF outburst shows more fluctuations
in LX, and a larger duration of the feedback action on
the gas, than a MF outburst). Note that the final ∆M?,
at fixed M? and galaxy shape, increases from NOF to
MF to FF models (Tab. 2, except for the two NOF E180
models), which proves definitely that feedback has the
overall effect of making SF more efficient, i.e., it has a
positive action with respect to SF. Also, the behavior of
the ∆M? growth is opposite to that of the MBH growth,
with respect to feedback: ∆M? increases from NOF to
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FF models, while the opposite is true for ∆MBH (cfr.
Figs. 9 and 10). Both ∆M? and ∆MBH, instead, are
larger for rounder models.
It is interesting to compare the relative increase of
∆M? and ∆MBH (values in Tab. 2). In NOF mod-
els, ∆MBH and ∆M? are not largely different, and the
MBH growth is much favored over the SF, with respect
to feedback models. For feedback models, ∆MBH ranges
from ' 6× 106M to ' 2× 109M, thus ∆M? is always
much larger than ∆MBH, at all galaxy masses. There
is a trend, though: ∆MBH/MBH,0 (Fig. 9) increases
clearly with M?, while ∆M?/M? keeps quite flat or even
decreases (Fig. 10, right panel). Thus, ∆MBH/∆M?
increases with M?, and there is relatively more MBH
growth than SF in more massive galaxies. The reason
for this trend is that the mass flowing to the central
region, where SF takes place (see below), is converted
in new stars more efficiently than in MBH mass at low
galaxy masses, while the opposite works in the most mas-
sive galaxies. In more massive ETGs, in fact, the feed-
back can displace the gas out to distances from the MBH
that are relatively lower than in less massive ones, con-
sequently the gas has less time to fall back to the center,
while giving origin to SF (as revealed by an inspection
of the evolution of the hydrodynamical properties of the
flow). One final remark here concerns the Magorrian re-
lation MBH −M?: as the stellar mass does not increase
significantly after z ∼ 2 (Fig. 10, right panel), and MBH
can increase up to a factor of 4 (Fig. 9, right panel),
this implies that after z ∼ 2 the Magorrian relation is
expected to shift upwards in massive ETGs, just as a
consequence of the passive evolution of the stellar pop-
ulation. The extent of the shift is small, though, within
the scatter and uncertainties of the local and low redshift
observed relations (e.g. McConnell & Ma 2013, Schulze
& Wisotzki 2014).
It is also interesting to compare ∆M? with the total
stellar mass losses from the beginning to the end of the
simulation, i.e. from an age of 2 Gyr for the stellar pop-
ulation to that of 13 Gyr. From an integration of the
rate in eq. (1), these losses amount to ∼ 10% of M?.
From Fig. 10 we see that ∆M? is ' 5% of M? (or lower
for the least massive models), thus, roughly half of the
integrated stellar mass losses within a galaxy since z ∼ 2
goes into new stars. The remaining part of the mass
losses goes for a minor fraction into ∆MBH (that reaches
at most 3 × 10−3M?, and then at most 3% of the inte-
grated stellar mass losses, see Fig. 9), and for a major
fraction is ejected from the galaxy, due to SNe heating
and the further help of the AGN feedback action. We
recall that the AGN feedback produces just an increase
in the ejected mass from the galaxy, but has never been
found capable of producing a global/major outflow by
itself during the passive galaxy evolution after z ∼ 2. To
better quantify this increase, we can evaluate the amount
of gas residing outside a reference radius of 5Re (that
we consider lost by the galaxy), at the end of the sim-
ulations, for models with and without feedback. This
amount is larger for feedback models than for NOF mod-
els by a percentage ranging from ∼ 20% to ∼ 40%, from
the largest to the smallest galaxy masses. We can also
compute the “load factor”, defined as the ratio between
the gas ejected from the galaxy during the evolution,
and the mass in new stars ∆M?; such a factor is useful
to establish the possible role of AGN feedback in adding
material to the circumgalactic medium, after z ∼ 2. For
feedback models, the load factor is ' 0.6, except for the
lowest mass (E180) galaxies, that eject a larger amount of
gas, and for which then the load factor is ' 3. For NOF
models, the factor is slightly larger (' 0.7), but not so
different, because they eject less mass, but also form less
stars; a markedly lower factor (' 1) than in feedback
models is instead shown by the E180 NOF models, where
the energy input by the feedback can be significant in
clearing the gas from the galaxy. Note that these load
factors are similar to those (∼ 0.7) recently determined
thanks to background quasar lines of sight passing near
star-forming galaxies (e.g. Schroetter et al. 2016)
Figure 11 shows the epoch at which half of ∆M? is
formed (tM from Tab. 2). This epoch (measured since
the birth of the original stellar population, i.e., 2 Gyr
before the start of the simulation) keeps between 5 and 6
Gyr for most models, and tends to be larger for MF than
for FF models. Thus, half of the new stars created during
the life period of 2− 13 Gyr form quite early, during the
first 3− 4 Gyr. Figure 1 shows the time evolution of the
SFR for the E4210 model, and Tab. 2 gives the instan-
taneous value of the SFR at the end of the simulations.
These present-epoch rates typically keep below ' 0.5M
yr−1, and compare well with the current rates observed
for molecular gas-rich ETGs of the local ATLAS3D sam-
ple, which range from 0.01 to 3M yr−1, with a median
value of 0.15M yr−1 (Davis et al. 2014). Larger SFR
than ' 0.5M yr−1 are shown by models caught in an
outburst (Fig. 1), or in the most massive models, that
host more gas, and have a larger AGN activity; note
that the ATLAS3D survey is not representative of the
most massive models in Tab. 2.
Another interesting aspect for a comparison with ob-
servations is where SF mainly takes place. Figure 12
shows meridional sections of the ratio between the den-
sity in newly formed stars, at the end of the simulations,
and that in the original stellar population, for the E4
shape (results are similar for the E7 case). SF is very
low in the lower mass model (E4180), that experiences
an almost global outflow over its whole lifetime. SF is
instead evident in the larger mass E4250 model: it forms
a nuclear stellar disk in the NOF case5, while it has a
roughly spherical distribution, peaking within ' 1 kpc
radius, in the cases with feedback. The extent of the
SF is measured more quantitatively by rM , the radius
including half of the new stars at the end of the simu-
lation (in Tab. 2). Typically rM ' Re/2, for feedback
models, except for the least massive ones, where SF is
very low but extended. In contrast, rM is much smaller
for NOF models, indicating how most of SF takes place
at the center, i.e., the gas flows to the central regions
before having time to start SF. In feedback models, in-
stead, as already noted, the gas is compressed from time
to time by AGN activity, and kept at larger distances by
the feedback action, which produces longer times avail-
able for SF, that is then favored. The feedback models
also show an X-shaped structure in the SF, inclined by
5 This disk is the result of the stellar streaming imposed in the
central regions for numerical reasons, and discussed in Sect. 4, see
eq. (38).
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' 45◦, more evident in the MF case. This is related with
the aperture of the conical wind: at the contact surface
between the wind region and the external gas, the den-
sity is increased, with a consequent increase in SF. Note
that in the simulations the newly formed stars remain in
the position where they are born, while in reality they
move away from that place. From this point of view, it
is not clear whether these features could be evident in
real ETGs; however, curiously, X-shaped features have
been observed in the morphology of bulges (although on
a much larger scale; e.g. Ness & Lang 2016), and in
scattered light produced by illuminated dusty cones in
quasars hosting winds (e.g. Obied et al. 2015).
When seen in the surface brightness profile, these new
stars produce a central cusp, as observed in ETGs at
high angular resolution (see Kormendy et al. 2009 for
a review on these nuclear cusps or cuspy cores). Even
coreless galaxies do not have featureless power-law pro-
files, but, rather, they show central extra light above the
inward extrapolation of the outer Sersic profile. Kor-
mendy et al. (2009), and Hopkins et al. (2009), sug-
gested that the extra light is produced by starbursts fed
by gas dumped inward during dissipative mergers. The
origin of the observed cusps could also reside in the evo-
lutionary phenomena investigated here (see also Ciotti &
Ostriker 2007, Ciotti 2009).
5.4. The evolution of M˙BH, LBH and the duty cycle
Figure 13 shows the time evolution of M˙BH (eq. 18),
and LBH (eq. 23), that are relevant to quantify the ac-
cretion history of the MBH, for the representative model
E4210 in Fig. 1. In feedback models, the average accre-
tion rate slowly decreases with time, in pace with the
declining rate of mass input from stars. The accretion
episodes may extend throughout the galaxy lifetime, with
M˙BH & 10−4Myr−1, as for more massive models, or for
a shorter time, and with smaller M˙BH, as for lower mass
models (E180).
A major difference with respect to 1D hydrodynami-
cal simulations, where major bursts are well separated
in time (Ciotti & Ostriker 2012), is that the bursting
activity is here almost continuous (as described in Sec-
tion 5.1). In spite of this difference between the burst-
ing activity of 1D and 2D hydrodynamics, the resulting
duty-cycle is not so different (both in spherical and flat
galaxies). In order to quantify this important aspect,
we considered the time spent by each model at any cho-
sen Eddington ratio l, and with l above/below a chosen
threshold. In particular, for the E4 and E7 FF models,
Fig. 14 shows the fraction of total simulation time, and
the fraction of total radiative energy, respectively spent
and emitted at different values of l. For all models the
distribution of times has a long, almost flat tail extending
to the lowest l < 10−10, and peaks at an l that increases
with the galaxy mass: the peak is located at l ' 10−3,
and reaches l ' 10−2 for the most massive models (while
becoming less and less pronounced). All distributions
drop sharply above l ' 10−2, so that all models spend
very little time above l ' 10−1. An average, realistic
galaxy, as could be described by the E4210 FF model,
spends 75% of its time since z ∼ 2.2 below l ≈ 10−3.
Note however how the fraction of the energy emitted at
high Eddington ratios is significant. Even though the
nuclei are usually very faint, all models typically emit
25% of the energy above l = 0.1, as shown by the right
column in Fig. 14.
Figure 15 shows the percentage of the total simulation
time (11 Gyr), and of the total emitted energy, respec-
tively spent and emitted above and below each value of l,
for the E4 FF models (the same figure for the E7 FF mod-
els, not shown, presents the same trends, both in shapes
and in normalizations). Estimates based on 1D models,
and with a luminosity threshold of LBH = LEdd/30, gave
a figure of a few percent for the fraction of time spent
above this threshold (Ciotti et al. 2010). Remarkably,
we can confirm this estimate, with a percentage of time
spent above l = 1/30 ranging from 3 to 5%, going from
the E4210 to the E4300 models (Fig. 15, left panels, solid
lines).
For reference, Table 2 gives the fraction of time spent
above l = 0.05 (D); the l-value with respect to which the
MBH energy is emitted equally above and below l (l0.5);
and the time tL at which half of the total MBH radiation
energy, emitted over 2–13 Gyr, has been emitted, mea-
sured since the birth of the galaxy (i.e., 2 Gyr before the
start of the simulation).
The duty-cycles resulting from the present set of sim-
ulations, in the form shown in Figs. 14 and 15, represent
a useful diagnostic that could be used in observational
works, and phenomenological models, that try to de-
rive the growth rate of each MBH mass, the evolution
of their Eddington ratio, the total luminosity emitted
as a function of l, and the duty cycle of AGN activity
(e.g., Marconi et al. 2004, Trakhtenbrot & Netzer 2012,
Schulze et a. 2015, Caplar et al. 2015). We stress that
our predictions concern massive non-rotating ETGs, with
MBH & 108M, since z ∼ 2.2, i.e. after the galaxy for-
mation has ended. How much the rotation of a galaxy
could eventually affect these findings will be addressed
in a forthcoming paper.
6. SUMMARY AND CONCLUSIONS
In this work we have followed the evolution of hot gas
flows in ETGs with central MBHs, using 2D hydrody-
namical simulations where the most accurate and physi-
cally consistent description of AGN feedback (both radia-
tive and mechanical, due to AGN winds) is implemented,
the spatial resolution at the center is parsec-scale, and
the underlying galaxy models are the most realistic dy-
namical models adopted so far in this kind of studies.
The mass and energy input from the stellar population
are secularly evolving, according to the prescriptions of
stellar evolution theory for the stellar mass losses, and
to the predictions of progenitors evolution and to obser-
vations, for the declining SNIa’s rate. Star formation is
implemented via a simple scheme based on physical ar-
guments shown to reproduce well the Kennicutt-Schmidt
relation (Negri et al. 2015). The galaxy models are ax-
isymmetric, and the Jeans equations provide the detailed
internal stellar kinematics on which the stellar kinemat-
ical heating is based. The stellar density profile follows
a deprojected (ellipsoidal) Sersic law, and the main ob-
servables (L,Re, σe8) are chosen in order for the galaxy
models to lie on the main scaling laws. The spherical
dark matter halo has a radial profile predicted by cosmo-
logical simulations (NFW), and is normalized to account
for a dark mass within Re lower than the stellar mass,
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as observed. A few limitations remain in the present
work, though. First of all, significant galactic rotation
is not included; rotation is known to lead to an almost
corotating gaseous halo (Negri et al. 2014b), which in
turn produces a massive rotating equatorial cold disk,
of ∼kpc scale, that is expected to be unstable, with the
consequent disposal of fresh gas on the central MBH.
A new time-scale is then introduced, determined by the
global stability of the disk, and the amount of gas ac-
creted on the MBH depends also on the SF taking place
in the disk. Secondly, the radiative transport is here
calculated by using the simplified (and computationally
much faster) scheme described in Novak et al. (2012),
that has been shown to produce very accurate results
when compared to the exact numerical solution. Also
not included are all effects related with the presence of
dust (radiative transport, reprocessing of the radiation
from the new stellar population, sputtering, as described
in Hensley et al. 2014, Novak et al. 2012). Third, the
circumnuclear sub-grid accretion disk, implemented in
some of our previous works (e.g. Ciotti & Ostriker 2012)
is not considered. Finally, the presence of a jet, that
seems relevant at recent epochs, is still to be included.
The main results of this work are as follows.
1) LX and TX of the gas at the present epoch, for
models with feedback, reproduce well those observed for
ETGs similar to our galaxy models, at all galaxy masses;
in particular, the observed large range of LX at the low
TX is accounted for, thanks to the prevalence of outflows
in lower mass galaxies. At fixed galaxy mass, a change
in the galaxy shape produces a lower LX for flatter mor-
phologies, because the outflowing region becomes larger,
as obtained for 2D models without feedback (Negri et
al. 2014b). The evolution of the gas when feedback is
present is characterized by large and frequent fluctua-
tions in LX and TX, except for the lowest mass models
explored here, where these fluctuations stop after the first
few Gyr, due to the onset of a global outflow sustained
by SNIa’s heating6. During the past 3–5 Gyr, the frac-
tion of time spent above a value representative of the
largest gas emission observed for normal ETGs in the
local universe (LX = 3 × 1041 erg s−1), is . 1%. After
each outburst, LX within (1–2)Re is lower by & 1 order
of magnitude than the same quantity for models without
AGN feedback.
2) Each major burst triggered by accretion on the
MBH is made by several smaller bursts, and lasts
∼few×107 yr; we stress that this timescale is not im-
posed a priori, but it results from the simulations. The
2D hydrodynamics and the ellipsoidal shape of the galaxy
models produce a complicated gas evolution in the inner
∼ 2−3 kpc region, where a cold and inflowing gas phase
coexists with a hot and outflowing one. Bursts from me-
chanical or full feedback are qualitatively similar, but
temporally more isolated in the purely mechanical case.
The X-ray surface brightness map shows a very bright
central region (on a scale of the order of ∼one hundred
pc), including sharp and very hot arcs, as a very transient
feature. The development and fading out of an outburst
are also similar for different galaxy shapes. We expect
6 In these low mass ETGs the MBH accretes almost steadily,
from a hot atmosphere, at a very sub-Eddington rate, as shown
previously (e.g. Ciotti & Ostriker 2012)
though that the addition of galactic rotation will change
this.
3) The mass in newly formed stars ∆M?, for feedback
models, ranges from 6 × 108 to 3 × 1010M, from the
low to the high galaxy masses. Since the models are ba-
sically non-rotating, SF takes place in an almost spher-
ical region; the radius including half of the new stars is
rM ' Re/2, except for the least massive models, where
SF is very low but extended. Half of the mass in the new
stars forms within 5–6 Gyr from the birth of the original
stellar population.
4) At fixed M?, ∆M? is larger for the full feedback case
than the mechanical one, that in turn produces a larger
∆M? than without feedback. This proves that feedback
has the overall effect of making SF more efficient, at least
in the phase following the major galaxy formation pe-
riod studied here, when SF and MBH accretion are fu-
eled by passive stellar evolution. These results confirm
previous findings of spherical models about positive feed-
back (Ciotti & Ostriker 2007; e.g. see also Nayakshin &
Zubovas 2012, Ishibashi & Fabian 2012); thus geometri-
cal effects allowed for by 2D simulations and a flat galaxy
shape do not invalidate the global picture.
5) ∆M?/M? is of the order of 0.04−0.05, excluding
the lowest mass models that show lower values (' 0.01),
since most of their injected stellar mass loss is expelled
in an outflow. On average, excluding the lowest mass
models, roughly half of the total mass losses since an age
of ' 2 Gyr ends recycled into new stars. The other half
goes for a minor fraction into ∆MBH (for feedback mod-
els), and for a major fraction is ejected from the galaxy,
mostly due to SNe heating. AGN feedback produces just
an increase (of the order of 20−40%) in the ejected mass
from the galaxy, during the passive galaxy evolution after
z ∼ 2. The “load factor”, defined as the ratio between
the gas displaced outer of 5Re during the evolution, and
the mass in new stars ∆M?, is ' 0.6 for feedback models,
and slightly larger for NOF models (due to their lower
ability to form new stars). The lowest mass (E180) galax-
ies eject a larger amount of gas, and for them the load
factor is larger (' 3 for models with AGN feedback).
6) Final MBH values of feedback models are consis-
tent with those measured in the local universe, at all
M? considered here, while they are overwhelmingly large
without feedback; the latter is then fundamental to keep
the MBH masses at the values observed, after z ∼ 2.
In feedback models just ' 3% of the total injected mass
from stars is accreted on the MBH; the average increase
in MBH since z ∼ 2 is just of a factor of few (2 − 4).
The MBHs in more massive galaxies grow more than
in lower mass ones, during the later phase of (small)
MBH growth studied here. At fixed M?, flatter mod-
els show lower MBH, due to the lower gas binding en-
ergy, and FF models end with lower MBH than MF ones,
thanks to their larger capability of preventing gas accre-
tion. ∆MBH/∆M? ranges from 8×10−3 to 7×10−2, from
the lowest to the largest galaxy masses. The implemen-
tation of rotation could change this trend, by making the
MBH growth less favored, and SF in the cold disk more
favored.
7) Half of the radiative output from the AGN is emitted
within tL ≈ 5 Gyr since the birth of the galaxy, roughly
the same value of the timescale tM within which half of
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the new stars form; this is another indication that the
two activities are linked. We notice a slight but clear de-
pendence on galaxy mass in the time-shift between these
two timescales: tL precedes tM in lower mass galaxies,
while the reverse is true in larger mass ones.
8) The outburst activity is almost continuous, and ex-
tends to the present epoch, for more massive galaxies, or
stops a few Gyr ago, for the least massive ones consid-
ered here. Almost all of the time is spent at very low
nuclear luminosities (75% of the simulation time is spent
at Eddington ratios l . 10−3), but the energy is emitted
at high Eddington ratios, with one quarter of the total
energy emitted at LBH/LEdd > 0.1. The resulting duty-
cycles of AGN activity, estimated as the fraction of time
spent above LEdd/30, ranges from 3 to 5%.
We note that recently Cheung et al. (2016) identified
a population of local ETGs (that they called red geysers)
showing bisymmetric outflow-like structures in their ion-
ized gas emission line maps. The authors argue that
these are low-luminosity AGN-driven winds, and that
they are occurring in roughly 5-10% of the red sequence
at moderate masses. This finding would prove how the
AGN wind mechanical feedback continues down to late
times, as predicted by our modeling.
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Figure 1. Time evolution of the main gas flow properties, for the E4210 galaxy model (see Tabs. 1 and 2). From left to right, plotted
quantities are the X-ray luminosity and emission weighted temperature, in the 03–8 keV band, and within 5Re, the mass of the hot gas
within the whole numerical grid, and the star formation rate. Blue, red and black lines refer to no feedback (NOF), mechanical feedback
only (MF) and full feedback (FF) models. In the bottom panels, a zoom in time is made between 10 and 10.4 Gyr.
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0.5 1
Figure 2. Relation between hot gas luminosity LX and temperature TX, calculated at the present epoch and over the whole grid, for
feedback models in Tab. 2; LX and TX coincide with those in Tab. 2 (except for the lowest mass galaxies). Red and black symbols are
MF and FF models. Also shown with errorbars are hot gas luminosities and temperatures for observed ETGs, recently calculated using
Chandra data for the whole emission region, and after subtraction of resolved point-sources and unresolved stellar emission (from Kim &
Fabbiano 2015, in green, and Goulding et al. 2016, in blue). Most ETGs with LX > 10
41 erg s−1 are central galaxies in groups.
Table 1
Structural parameters of the galaxy models.
Name LB Re M? Mh MBH,0 σe8 fDM c
(1011LB,) (kpc) (1011M) (1011M) (108M) (km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
E4180 0.18 3.26 0.81 16.20 0.81 160 0.62 41
E7180 0.18 3.26 0.81 16.20 0.81 137 0.73 41
E4210 0.32 4.57 1.54 30.80 1.54 187 0.62 35
E7210 0.32 4.57 1.54 30.80 1.54 155 0.66 35
E4250 0.65 7.04 3.35 67.00 3.35 223 0.63 28
E7250 0.65 7.04 3.35 67.00 3.35 184 0.67 28
E4300 1.38 11.8 7.80 160.00 7.80 267 0.66 22
E7300 1.38 11.8 7.80 160.00 7.80 221 0.68 22
Notes: (1) Model name: the letters and numbers identify the shape (E4 or E7), the superscript gives the σe8 of the progenitor. (2)
Luminosity in the B-band. (3) Effective radius (edge-on view). (4) Total stellar mass. (5) Total DM mass. (6) Black hole initial mass. (7)
Luminosity-weighted stellar velocity dispersion within a circular aperture of radius Re/8, for an edge-on view. (8) Ratio of the DM mass
to the total mass enclosed within a sphere of radius Re. (9) Concentration parameter of the NFW halo. See Sect. 2 for more details.
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Figure 3. Map of the gas density for the E4180 FF model, at four representative times in correspondance of an outburst at 6.85 Gyr: from
left to right t=6.84 Gyr (smooth appearance, immediately before the outburst), t=6.85 Gyr (close to the peak in emission; cold and dense
fingers are approaching the galactic center, where outflow and inflow regions coexist; these are mixed with hot and low density regions
already created by the outburst; see the next Fig. 4 for the mentioned features in the temperature, and Fig. 5 for those in the velocity),
t=6.86 Gyr (the outburst is fading), and t=6.95 Gyr (the main outburst effects have vanished, the galaxy is left with less dense gas than
in the leftmost panel, before the outburst; a less dense bi-conical region close to the nucleus is evident, produced by the AGN wind). The
solid lines represent the optical isophotes.
Figure 4. Map of the gas temperature for the same E4180 FF model during the outburst at 6.85 Gyr of the previous Fig. 3, at the same
representative times. From left to right t=6.84 Gyr (smooth appearance, immediately before the outburst), t=6.85 Gyr (close to the peak
in emission; cold fingers are approaching the galactic center, while very hot regions have already been created by the outburst), t=6.86
Gyr (the outburst is fading; there is still some hot material outflowing at a radius of ∼ 1 kpc), and t=6.95 Gyr (the main outburst effects
have vanished; the heating effect of the conical wind of the fading AGN is visible as an inner slightly hotter bi-conical region).
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Figure 5. The same as in the previous Figs. 3 and 4, for the map of the radial component (ur) of the gas velocity. Redder regions are
outflows, bluer regions indicate inflows. From left to right t=6.84 Gyr (immediately before the outburst), t=6.85 Gyr [close to the peak in
emission; outflow (hot) and inflow (cold) regions coexist around the galactic center], t=6.86 Gyr (the outburst is fading; there is still some
outflowing gas from the center), and t=6.95 Gyr (the main outburst effects have vanished, the conical wind of the fading AGN becomes
visible as an hourglass feature at the nucleus).
Figure 6. Map of the meridional tangential component (uθ) of the gas velocity for the outburst of the previous Figs. 3–5. Redder regions
are moving clockwise, bluer ones are moving counter-clockwise. From left to right t=6.84 Gyr (smooth appearance, immediately before
the outburst), t=6.85 Gyr (close to the peak in emission), t=6.86 Gyr (the outburst is fading), and t=6.95 Gyr (the main outburst effects
have vanished; note close to the nucleus the tangential motions imparted to the flow by the AGN conical wind).
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Figure 7. Map of the star formation rate density for the E4180 FF model during the outburst of the previous Figs. 3–6. From left to
right t=6.84 Gyr (immediately before the outburst), t=6.85 Gyr (close to the peak in emission), t=6.86 Gyr (the outburst is fading), and
t=6.95 Gyr (the main outburst effects have vanished).
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Figure 8. Surface brightness maps in the 0.3–8 keV band (upper panels), and projected temperature maps (lower panels), for the same
model in outburst of the previous Figs. 3–7, at the two central times in those panels: t=6.85 Gyr (the outburst has just started), and
t=6.86 Gyr (the outburst is fading). Solid contours indicate the optical isophotes.
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Figure 9. Left panel: final values of the MBH masses versus M? (given in Tab. 1). Plotted are the 16 models with feedback in Tab. 2:
E4 in black, E7 in red; open symbols are MF models, full symbols are FF ones. The positions of the models are compared with the initial
MBH,0 −M? relation (dotted line), and the observed MBH −M? relation (solid line), derived for dynamically measured stellar masses of
local ETGs (McConnell & Ma 2013). The vertical bar shows the estimated intrinsic scatter in loglogMBH for the plotted scaling relation.
Right panel: the percental increase in the MBH mass, for the same feedback models on the left, with the same meaning of symbols.
Figure 10. Left panel: final mass in the newly formed stars ∆M? (from Tab. 2) versus M? (from Tab. 1), for models with feedback
(E4 in black, E7 in red). Plotted are the 16 models with feedback in Tab. 2; MF and FF models are shown with open and full symbols
respectively. Right panel: the percental increase in the stellar mass, for the same models on the left, with the same meaning of the symbols.
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Figure 11. Epoch (measured since the birth of the original stellar population of the galaxy, i.e. 2 Gyr before the start of the simulation)
at which half of the final mass in the newly formed stars ∆M? is formed (tM in Tab. 2), versus M? (in Tab. 1); E4 models are plotted in
black, E7 in red. Plotted are the 16 feedback models in Tab. 2; MF and FF models are shown with open and full symbols respectively.
Figure 12. Meridional sections of the ratio between the density in newly formed stars at the end of the simulations and that in the
original stellar population. Solid lines show constant densities for the original stellar population. From left to right the panels refer to the
FF E4180 model, and to the NOF, MF and FF E4250 models. SF is very low in the lower mass model, that experiences an almost global
outflow over its whole lifetime; SF is instead significant in the larger mass galaxy, and it forms a nuclear stellar disk in the NOF case, while
it has a roughly spherical distribution in the cases with feedback (see Sect. 5.3 for more details).
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Figure 13. Time evolution of the mass accretion rate on the MBH (M˙BH, left), and the radiated accretion luminosity (LBH, right), for
the E4210 model (for which Fig. 1 shows the gas evolution). Blue, red and black lines refer to NOF, MF and FF models; in the right panel
the nuclear luminosity is shown only in the FF case. The lower panels show the same zoom in time as in Fig. 1.
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Figure 14. Left panels: percentage of the total simulation time (11 Gyr) spent at the values of the Eddington ratio on the x-axis, for the
E4 FF models. Right panels: for the same models on the left, percentage of the total energy emitted at the Eddington ratio on the x-axis.
In each panel, for the E4 models only, the vertical dashed lines mark the Eddington ratios below which the model spends 25%, 50% and
75% of the total time (left panels), or below which 25%, 50% and 75% of the total energy is emitted (right panels).
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Figure 15. Left panels: percentage of the total simulation time (11 Gyr) spent above (solid line) and below (dashed line) the values of the
Eddington ratio on the x-axis, for the E4 (in black) and E7 (in red) FF models. Right panels: for the same models on the left, percentage
of the total energy emitted above (solid line) and below (dashed line) the Eddington ratio on the x-axis. In each panel, the vertical dashed
lines mark the Eddington ratios below which the model spends 25%, 50% and 75% of the total time (left panels), or below which 25%,
50% and 75% of the total energy is emitted (right panels).
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Table 2
Simulations results.
name ∆MBH
∆MBH
MBH,0
l0.5 D tL ∆M? SFR tM rM LX TX
(108M) – – (%) (Gyr) (108M) (Myr−1) (Gyr) (kpc) (1040erg s−1) (keV)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
Rad+mech
(FF)
E4180 0.15 0.18 0.12 5.11 4.56 14.51 0.04 5.38 9.09 0.02 0.39
E7180 0.06 0.07 0.12 4.73 3.27 7.21 0.01 4.66 10.23 0.007 0.38
E4210 1.54 1.01 0.03 1.60 5.04 77.60 0.28 5.25 1.68 1.27 0.47
E7210 1.06 0.69 0.03 1.17 4.83 64.82 0.13 5.22 1.68 0.56 0.46
E4250 6.31 1.90 0.04 2.94 5.08 170.16 0.31 4.97 2.44 3.52 0.76
E7250 4.91 1.48 0.04 2.18 5.24 155.71 0.44 5.24 2.29 2.76 0.63
E4300 23.19 3.00 0.06 3.43 5.92 342.59 1.02 5.04 4.22 21.85 1.02
E7300 20.33 2.63 0.05 3.03 5.91 309.85 2.95 5.16 4.76 42.58 0.88
Mech
(MF)
E4180 0.16 0.20 – – – 14.05 0.02 5.19 11.51 0.007 0.38
E7180 0.06 0.07 – – – 5.63 0.01 4.17 9.09 0.003 0.38
E4210 1.80 1.18 – – – 68.44 0.33 5.83 2.93 1.47 0.48
E7210 1.37 0.90 – – – 61.55 0.26 5.42 2.59 1.03 0.44
E4250 7.29 2.20 – – – 152.91 2.30 5.68 3.97 10.62 1.00
E7250 5.74 1.73 – – – 136.96 0.88 5.91 3.74 4.39 0.64
E4300 22.98 2.98 – – – 278.46 0.76 5.46 6.81 18.02 1.08
E7300 20.96 2.71 – – – 267.40 0.50 6.14 6.81 11.03 1.03
None
(NOF)
E4180 7.82 9.76 – – – 23.59 0.25 5.35 1.47 0.30 0.31
E7180 4.83 6.03 – – – 15.36 0.01 4.43 1.66 0.005 0.38
E4210 28.17 18.47 – – – 53.94 0.26 5.69 0.43 1.18 0.49
E7210 18.30 12.00 – – – 46.45 0.28 5.41 0.57 0.78 0.45
E4250 84.20 25.38 – – – 115.42 0.53 5.71 0.43 4.41 0.67
E7250 69.65 21.00 – – – 103.21 0.46 5.60 0.46 3.40 0.64
E4300 221.23 28.66 – – – 245.76 1.24 5.88 0.50 18.75 0.94
E7300 195.85 25.37 – – – 224.55 1.09 5.92 0.53 15.74 0.92
Notes. (1) Name of the galaxy model, following the nomenclature of Tab. 1. (2) Total MBH accreted mass. (3) Percent
variation of the MBH mass, with respect to the inital MBH mass MBH,0. (4) Value of the Eddington ratio l = LBH/LEdd
with respect to which the MBH energy is emitted equally above and below l. (5) Duty cycle (D) defined as the ratio between
the time spent by the MBH at l > 0.05 and the total simulation time. (6) Time at which half of the total MBH radiation
energy, emitted over 2–13 Gyr, has been emitted, measured since the birth of the galaxy (t = 0). (7-8) Total mass of stars
produced and SFR at 13 Gyr. (9) Time at which half of the new stellar mass, produced over the simulation time-lapse of
2–13 Gyr, has been created, measured since the birth of the original stellar population. (10) Radius containing half of the
stars produced by t = 13 Gyr. (11) ISM luminosity within 5Re in the 0.3-8 keV band. (12) Emission-weighted temperature
calculated as in eq. (43).
